Introduction
============

Abdominal wall defects may develop after traumatic injury, necrotizing infection, tumor resection, congenital defects (*e.g.*, omphalocele), and ventral wall hernias that form after dehiscence of laparotomy wounds. Primary closure of the abdominal wall under tension may promote wound ischemia, thus predisposing patients to dehiscence and evisceration \[[@B26]\]. Reconstructive options that minimize tension include local advancement, the use of flaps and distant flaps, or combined use of flaps and a mesh \[[@B17]\]. Autologous tissue repair can be accomplished by undermining tissues and rotating flaps, but this technique is limited by the defect size and integrity of the abdominal wall \[[@B23]\].

An ideal graft would be biologically safe, secure, able to withstand tensile force, and could grow with the patient, thereby preventing body wall deformity. Previous animal studies have evaluated biologic scaffold materials composed of extracellular matrix (ECM) as alternatives to a synthetic mesh. Small intestinal submucosa (SIS) along with the adjacent connective tissue layer of the mammalian small intestine is comprised of type I collagen fibers \[[@B4]\], glycosaminoglycan, glycoproteins, and proteoglycans \[[@B12],[@B20]\] that form a complex scaffold. In animal models, SIS has been used for constructive remodeling of the urinary bladder \[[@B13]\], body wall \[[@B9]\], esophagus \[[@B6]\], tendons \[[@B7]\], ligaments \[[@B15]\], blood vessels \[[@B14]\], menisci \[[@B11]\], and bone \[[@B24]\]. Secreted, circulating, and ECM-bound growth factors \[*e.g.*, transforming growth factor (TGF)-β, epidermal growth factor (EGF), fibroblast growth factor (FGF)-2, and vascular endothelial growth factor (VEGF)\] work in concert to regulate cell migration, proliferation, and differentiation throughout the repair process \[[@B18],[@B27]\].

The primary objective of the present study was to evaluate the capacity of canine SIS to act as an appropriate biological scaffold for the reconstruction and remodeling of graft lesions. The SIS used in this investigation was derived from canines and distinct from porcine-based graphs used in previous studies \[[@B4],[@B9],[@B20]\]. We evaluated the *in vivo* inflammatory responses of the graft recipients and tensile load capacity of the SIS scaffold after implantation in growing rats over an extended period of time. We compared these properties to those of a widely used polypropylene mesh (Prolene). Growth of the animals in this study produced continuous tension load on the implants and permitted assessment of SIS and artificial mesh efficacy.

Materials and Methods
=====================

Study design
------------

Fifty 4-week-old female Sprague-Dawley rats (Orient Bio, Korea) weighing approximately 80 g were used in this investigation. The study protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Konkuk University (Korea). The rats were randomly divided into two groups. One group received Prolene implants (mesh group, n = 25; Ethicon, USA), and the other received canine SIS implants (SIS group, n = 25). Each group was subdivided into five subgroups that were evaluated at different times after the operation (1, 2, 4, 12, and 24 weeks). We performed tensile load tests and histopathological evaluations.

Canine SIS preparation
----------------------

German shepherds were presented to the Veterinary Medical Teaching Hospital of Konkuk University as part of an animal body donation program. The donated German shepherds were at risk of being euthanized due to disease or other conditions. Dogs with infectious diseases or intestinal problems were excluded. Segments of the jejunum were obtained from the dogs and prepared within 2 h of euthanasia. Canine SIS samples were prepared as previously described under strictly sterile conditions \[[@B5]\]. Resected segments of the jejunum were rinsed with sterile normal saline. Layers of the mucosa, muscularis, and serosa were removed by mechanical abrasion with a number 10 scalpel (Paragon, USA). The thin, whitish SIS samples were thoroughly rinsed in sterile normal saline and 80% ethanol to remove cell degradation products. The samples were stored at 4℃ in sterile normal saline containing lincomycin HCl (120 µg/mL; Huons, Korea), vancomycin HCl (50 µg/mL; SSP Pharm., Korea), and cefotoxim (240 µg/mL; Wooridul Pharm., Korea) for 7 days prior to use. Porous structure of the canine SIS collagen fibers was observed by scanning electron microscopy (SEM) using a JSM-6460 microscope (JEOL, USA; [Fig. 1](#F1){ref-type="fig"}).

Surgical procedure
------------------

Anesthesia was induced with 3% isoflurane (Choongwae, Korea) in the rat and maintained by mask-delivered inhalation of 1.5% isoflurane in oxygen. A 2.0 × 2.0 cm full-thickness area of total resection was created in the ventral abdominal wall including the abdominal muscles and peritoneum ([Fig. 3A](#F3){ref-type="fig"}). The implant size was adjusted to 2.5 × 2.5 cm so that it extended 0.25 cm beyond the borders of the resected area, and then sutured without tension to the abdominal wall with 4-0 Maxon (Syneture; Covidien, USA) in a simple continuous pattern. The resected area was repaired with canine SIS (SIS group) in one group and Prolene polypropylene mesh in the other (mesh group). The canine SIS grafts were thoroughly rinsed in sterile normal saline and prepared as two-layered SIS sheets. The skin was closed with 4-0 Dafilon (B. Braun, Germany) in a simple interrupted pattern. After surgery, enrofloxacin (Baytril; Bayer, Germany) was administered for 3 days (10 mg/kg, sid, subcutaneous injection).

Clinical examination and necropsy
---------------------------------

The rats were euthanized 1, 2, 4, 12, or 24 weeks after implant placement. Each animal was anesthetized with 5% isoflurane in oxygen and then euthanized by an intracardiac injection of potassium chloride (2 mEq/kg). Seroma and hematoma formation was scored on a 3-point scale (1: no formation, 3: significant swelling), and adhesion formation was scored on a 4-point scale (1: no adhesion, 4: dense adhesion). The length and width of the implants were measured to assess changes in implant area relative to changes in the recipient body weight. Each implant was cut in half; one half was used for histopathological evaluation while the other was used to assess thickness and tensile strength of implant.

Histological and immunohistochemical evaluation
-----------------------------------------------

Samples were fixed in 10% buffered formalin and embedded in paraffin. The fixed samples were cut into serial 5-µm sagittal sections (microtome AS325; Shandon, USA) and stained with hematoxylin and eosin (H&E; Sigma-Aldrich, USA) to evaluate tissue morphology, Masson\'s trichrome (Sigma-Aldrich, USA) to observe collagen, and toluidine blue (Sigma-Aldrich, USA) to identify mast cells. The presence of cytotoxic T cells and macrophages was assessed by immunohistochemical (IHC) staining for CD8+ T cells and CD68+ macrophages. The sections were stained with a primary monoclonal rabbit EP 1150Y antibody against CD8 (1 : 250; Abcam, UK) and a primary monoclonal mouse PG-M1 antibody against CD 68 (1:100; Dako, USA) at 4℃ overnight. The secondary antibodies as biotinylated goat anti-rabbit IgG (Vector Laboratories, USA) at 1:200 dilution, and horse anti-mouse IgG (Vector, USA) diluted to 1 : 200 were applied for 30 min at room temperature.

A Vectastain ABC Elite system (Vector Laboratories, USA) and 3,3\'-diaminobenzidine system (DAB; Dako, USA) were used to detect antibody binding. The slides were counterstained with Harris hematoxylin (Sigma-Aldrich, USA). The number of positively stained macrophages, cytotoxic T cells, and mast cells were counted in four non-overlapping fields per slide at a magnification of 400× (Leica DM1000, Leica DFC290 HD digital camera; Leica, Germany). These fields were randomly selected along the interface between the implant and surrounding native tissue. The individual who analyzed the slides was blinded to both the study group as well as the interval between surgery and euthanasia.

Measurement of implant thickness and tensile load test
------------------------------------------------------

Thickness of the implants was measured five times at selected locations in the central part of the implants using an electronic digital outside micrometer (Schut Geometrical Metrology, the Netherlands). Samples intended for biomechanical testing were packed in cryotubes (Thermo Scientific, USA) immediately after necropsy and stored at -80℃. Before testing, the samples were thawed in the cryotubes for 4 h at room temperature. We used a Model 4465 tensiometer (Instron, USA) to test the maximum stress and maximum strain of the samples. The samples were stretched with a crosshead speed of 10 mm/min until they ruptured.

Statistical analyses
--------------------

All statistical analyses were performed using SPSS (ver. 16.0; IBM, USA). Data for all samples within each group were combined and expressed as the mean ± standard error of the mean (SEM) or SD. Unpaired *t*-tests or nonparametric Mann-Whitney *U* tests were used to compare the groups. Kruskal-Wallis tests were used to compare results from the different groups at each time point. *P* values \< 0.05 were considered statistically significant.

Results
=======

Implant thickness and tensile load test results
-----------------------------------------------

Mean thickness of the naïve two-layer SIS sheets was 0.80 ± 0.07 mm and that of the naïve synthetic mesh was 0.49 ± 0.02 mm. Mean thickness of the SIS was the greatest (3.07 ± 0.12 mm) 2 weeks after surgery. Mean thickness of the mesh was the greatest (3.36 ± 0.27 mm) 4 weeks after implantation. After 12 weeks, no significant intergroup differences in thickness were observed. However, the synthetic mesh thickness was approximately 1.5-times that of the SIS implant after 24 weeks (mesh = 2.03 ± 0.21 mm; SIS = 1.40 ± 0.16 mm; *p* = 0.047; [Fig. 2A](#F2){ref-type="fig"}).

Mean maximum strain of the naïve SIS sheets measured by the tensile load test was 283.44 ± 28.95% and that of naive mesh was 164.40 ± 30.27%. Twelve weeks after implantation, there was a significant intergroup difference in maximum strain (*p* = 0.047) but no significant difference (*p* = 0.465) was found after 24 weeks (SIS = 405.90 ± 27.05%, mesh = 365.68 ± 29.72%; [Fig. 2B](#F2){ref-type="fig"}). Mean maximum stress of the naïve SIS sheets was 2.56 ± 0.36 MPa while that of the naïve mesh was 1.23 ± 0.23 MPa. A significant difference in maximum stress was observed between the two groups 12 weeks after implantation (*p* = 0.016). Twenty-four weeks after surgery, no significant difference (*p* = 0.754) was found (SIS = 1.29 ± 0.13 MPa, mesh = 1.41 ± 0.24 MPa; [Fig. 2C](#F2){ref-type="fig"}).

Macroscopic findings
--------------------

All rats displayed normal eating, drinking, urination, and defecation behavior throughout the study. Mean scores for seroma, hematoma, and adhesion development for each group over time are presented in [Table 1](#T1){ref-type="table"}. In the mesh group, fibrous tissue was partially integrated over the implants, resulting in the formation of seromas or hematomas. There was evidence indicating that the hematomas observed 12 and 24 weeks after surgery resulted from loss of the central implant region. At all time points, the mesh was markedly attached to the broad omentum located around the intestine and liver margin. These lesions became progressively worse over time (*p* = 0.03 at 4 weeks; [Fig. 3B](#F3){ref-type="fig"}). In the SIS group, neither seromas nor hematomas were found after 4 weeks, and there was no apparent adhesion formation or abdominal organ damage at any time point ([Fig. 3C](#F3){ref-type="fig"}).

After a 4-week period of inflammation, new replacement muscle along the SIS implant was observed, particularly in the adjacent abdominal muscle layer. In some rats, the central area of the SIS implant had a translucent appearance after 3\~6 months that could be attributed to a lack of infiltrating muscle fibers. Significant intergroup differences were observed in graft size for periods of time after surgery longer than 2 weeks (*p* = 0.023). The SIS implant expanded gradually after this time, but the mesh curved along the shape of the abdomen and contracted by as much as 2.25 cm^2^ 24 weeks after surgery (*p* = 0.005 between the two groups).

Histopathology
--------------

We observed loose connective tissue and inflammatory cells around the mesh implant in the mesh group during the first week after surgery. Circular areas of organized connective tissue surrounding the mesh fibers gradually appeared at 4 weeks. After 12 weeks, these areas had increased thickness and large amounts of cellular deposition including mononuclear cells and collagen with new blood vessels ([Figs. 4A and B](#F4){ref-type="fig"}). Adipose connective tissue accumulated near the border of the mesh, and poorly organized fibrous connective tissue was seen around the mesh grafts 12 and 24 weeks following implantation. Masson\'s trichrome staining revealed necrotic changes in host muscle bundles (*i.e.*, conversion of red muscle near the mesh into blue collagen), and there was a high level of adipose tissue accumulation around the mesh fibers ([Figs. 5A and B](#F5){ref-type="fig"}).

In the SIS group, the region near the implanted tissue was easily identified with H&E staining by the presence of mononuclear cells and active neovascularization. Four weeks after surgery, the layers of SIS were densely populated with cells that appeared red when stained with Masson\'s trichrome. These represented areas where newly migrated cells were starting to infiltrate the matrix. Collagen fiber density of the SIS (blue) and muscle infiltration (red) increased gradually into the space immediately surrounding the graft ([Figs. 4C and D](#F4){ref-type="fig"}). At 24 weeks, the SIS collagen had been completely replaced by well-organized skeletal muscle bundles ([Fig. 5D](#F5){ref-type="fig"}). However, we observed poorly developed muscle infiltration in the SIS implants of two rats ([Fig. 5C](#F5){ref-type="fig"}).

Inflammatory cellular responses
-------------------------------

Mononuclear cells found in the inflammatory infiltrates around the implants were identified as CD8+- and CD68+-positive cells by IHC staining at each time point ([Fig. 6](#F6){ref-type="fig"}). Mast cells stained with toluidine blue were also found. Mast cell counts revealed that the number of residual cells for the SIS group was highest during the first week after surgery (8.38 ± 2.42). In the mesh group, the mast cells were most numerous at 12 weeks (11.63 ± 2.34). At this time, mast cell counts for the mesh group were approximately 1.8 times greater (*p* = 0.032) than those of the SIS group (SIS = 6.50 ± 0.56, mesh = 11.63 ± 2.34; [Fig. 7A](#F7){ref-type="fig"}). In the SIS group, CD8+ T cells were most numerous at 2 weeks (25.35 ± 5.91) while these cells were most numerous at 4 weeks (37.00 ± 6.97) in the mesh group.

Twelve weeks after surgery, the CD 8+ T cell count for the mesh group was approximately three times higher (*p* = 0.009) than that of the SIS group (SIS = 7.65 ± 1.63, mesh = 24.25 ± 3.53; [Fig. 7B](#F7){ref-type="fig"}). CD68+ macrophages in both groups were most numerous at 4 weeks (SIS = 71.31 ± 19.52, mesh = 57.20 ± 3.57). Twelve weeks after surgery, the CD68+ cell count of the SIS group was approximately 1.7 times higher (*p* = 0.014) than that of the mesh group (SIS = 43.88 ± 4.00, mesh = 25.45 ± 2.87; [Fig. 7C](#F7){ref-type="fig"}). At 24 weeks, the number of all remaining mononuclear cells was not significantly different between the two groups.

Discussion
==========

In the present study, we focused on identifying differences between the properties of a polypropylene synthetic mesh and canine SIS bioscaffold used for abdominal wall reconstruction in growing rats. Synthetic prosthetic materials such as polypropylene mesh do not grow with the patient when used to repair hernias in young animals. Thus, implants made from these materials can be associated with the formation of restricted body walls movement and recurrent hernias \[[@B21]\].

Macroscopic examination revealed that the mesh generally induced a much greater inflammatory response than canine SIS. The former was associated with abdominal organ adhesions in the intestines, liver margin, and omentum. These adhesions could lead to the development of intestinal obstruction, abdominal organ failure, peritonitis, or pain \[[@B3]\]. The occurrence of hematomas or seromas was evident in the mesh group, and remnants of these lesions persisted longer in the mesh group than in the SIS group.

We focused on changes in mononuclear cell populations, including mast cells, CD8+ T cells, and CD68+ macrophages, over time. Mast cell responses differed between the SIS and mesh groups. Mast cells persisted for a longer period in the mesh group (until 12 weeks after surgery). These cells can produce an array of both pro- and anti-inflammatory mediators, and express a spectrum of co-stimulatory molecules. Our findings indicate that mast cells play a regulatory role that influences both innate and adaptive immunity \[[@B10],[@B16]\]. Furthermore, mast cells are associated with persistent inflammation and long-term tissue remodeling \[[@B10]\]. Results from the present study suggest that the mesh group had a more persistent inflammatory response than the SIS group.

The CD8+ T cell response in the mesh group persisted for a longer period than in the SIS group with a large number of cells present 4 and 12 weeks after surgery. These cell-mediated immune responses have been previously analyzed by monitoring delayed type hypersensitivity and cytotoxic T cell reactions \[[@B2]\]. Th1 lymphocytes produce cytokines such as interleukin (IL)-2, interferon (INF)-γ, and tumor necrosis factor (TNF)-β responsible for macrophage activation as well as the differentiation of CD8+ T cells into a cytotoxic phenotype \[[@B1]\]. CD8+ T cells have essential roles in the initiation and maintenance of adipose tissue inflammation \[[@B19]\]. Histopathological examination of the immediate vicinity surrounding the mesh grafts revealed extensive deposition of adipose tissue and became weak between muscle fibers and necrotic changes in host muscle bundles. M1 cells help protect against pathogens by producing high levels of TNF-α, IL-1β, IL-6, and IL-12 along with low levels of IL-10. These cells therefore promote Th1-type immune responses \[[@B8],[@B25]\].

Evaluation of implant tensile load and thickness was based on the inflammatory response and degree of tissue remodeling. The greatest SIS thickness was observed 2 weeks after surgery while the maximum mesh thickness was observed at 4 weeks. This result is probably related to the acute inflammatory phase of wound healing and adhesion formation observed in the mesh group. Moreover, the mesh implants shrank and developed a curved shape. Contraction of the mesh fibers during the scarring process leads to shrinkage of the mesh after implantation *in vivo* \[[@B3]\]. This can cause separation along the graft-tissue interface in growing animals, creating the potential for re-herniation \[[@B22]\]. In contrast, the canine SIS implants showed a smaller change in thickness, but muscle infiltration continued and host muscle bundles developed between the SIS collagen layers. Additionally, collagen fiber density of the SIS implants increased over time as did the tensile load. However, the infiltration of host tissue into the canine SIS implant was relatively delayed in two rats and the implant became enlarged with a few infiltrating muscle fibers. We suspect that in these cases a balance between implant degradation and host tissue regeneration was not achieved.

Compared to the polypropylene mesh, implantation of a canine SIS xenograft resulted in better autologous muscle regeneration, improved remodeling of the adjacent tissues, and fewer inflammatory responses. Tensile load test results did not significantly differ between the groups 6 months after surgery. Our results demonstrated that canine SIS could be a new biomaterial scaffold appropriate for clinical practice. However, factors related to bioscaffold degradation and the rate of host tissue replacement suggest that a balance between these events is necessary for functional tissue reconstruction. Therefore, further studies are needed to better understand the various mechanisms underlying biomaterial remodeling in the host and to correlate these findings with eventual clinical outcomes.
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![Photograph of a naive decellularized canine SIS scaffold (insert) and an SEM image of the SIS surface. Collagen fibers formed an aporous structure.](jvs-14-175-g001){#F1}

![Results of the tensile load tests for the canine SIS and polypropylene mesh implants. Data are expressed as the mean ± SEM. Asterisks indicate significant differences (*p* \< 0.05) in (A) implant thickness (mm), (B) maximum strain (%), and (C) maximum stress (MPa) between the two groups.](jvs-14-175-g002){#F2}

![Photograph of the visceral portion of the polypropylene mesh or canine SIS 24 weeks after implantation. (A) An area (2.0 × 2.0 cm) of full-thickness total resection (external abdominal oblique, transverse abdominis muscles, and peritoneum) was made in the ventral abdominal wall. (B) In the polypropylene mesh group, adhesions between the intestine or omentum and the mesh were observed along with hematomas. (C) In the canine SIS group, neither adhesion formation nor host muscle infiltration was observed.](jvs-14-175-g003){#F3}

![Masson\'s trichrome staining for monitoring host tissue morphologic changes (200× magnification). (A) Collagen connective tissue that appeared around polypropylene mesh fibers were identified 4 weeks after surgery. (B) The number of fibroblastic cells appearing around the mesh and collagen increased at 12 weeks. (C) Infiltration of skeletal muscle fibers amid the canine SIS collagen at 4 weeks. (D) The infiltrating muscle fibers developed and were enlarged (red) in the canine SIS implant (blue) by 12 weeks. Scale bars = 100 µm.](jvs-14-175-g004){#F4}

![Masson\'s trichrome staining for evaluating host tissue responses around the grafts 24 weeks after surgery (100× magnification). (A) Adipose tissue deposited around the mesh and necrotic changes (^\*^) in muscle bundles were identified (B) Accumulation and development of adipose tissue along with weak development (^\*\*^) of muscle and fibrous connective tissue were observed 24 weeks after surgery in the mesh group. (C) Poorly developed host muscle bundles appeared between the canine SIS collagen fibers (blue). (D) Complete host muscle bundles in the canine SIS implants were identified 24 weeks after surgery. Scale bars = 200 µm.](jvs-14-175-g005){#F5}

![Immunohistochemical quantification of specific mononuclear cells (CD8+ cytotoxic T lymphocytes and CD68+ macrophages) at 200× magnification. (A) CD8+ T cells in the canine SIS implant 4 weeks after surgery. (B) CD68+ M1 cells in canine SIS at 4 weeks. (C) CD8+ T cells in the canine SIS implant at 12 weeks. Significantly fewer cells were observed at this time compared to 4 weeks. (D) CD68+ M1 cells in canine SIS at 12 weeks. (E) CD8+ T cells around the mesh fibers at 4 weeks. (F) CD68+ M1 cells around the mesh fibers at 4 weeks. (G) CD8+ T cells around the mesh fibers at 12 weeks. (H) CD68+ M1 cells around the mesh fibers at 12 weeks. Scale bars = 100 µm.](jvs-14-175-g006){#F6}

![Inflammatory cell counts for the SIS and mesh groups. Asterisks (^\*^) indicate significant differences (*p* \< 0.05) between the canine SIS and polypropylene mesh implants. (A) The number of mast cells for the mesh group gradually increased compared to those of the canine SIS group. (B) The number of CD8+ cytotoxic T cells declined faster in the canine SIS group than in the mesh group. (C) CD 68+ macrophages were more numerous in the canine SIS group than in the mesh group 2 weeks after surgery. At 24 weeks, no significant difference between the two groups was observed.](jvs-14-175-g007){#F7}
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Macroscopic evaluation of polypropylene mesh (M) and canine SIS (S) implants
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Data are presented as the mean ± SD. ^\*^*p* \< 0.05 and ^\*\*^*p* \< 0.001. Results for the mesh versus SIS implants were compared with a Mann-Whitney *U* test. The scale used to report the extent of adhesion formation was 1: no adhesion, 2: minimal adhesion that could be easily separated, 3: mild adhesion that was more difficult to separate, and 4: dense adhesion that could only be separated with dissection. The extent of seroma/hematoma formation was graded as 1: no formation, 2: encapsulation with fluid located closely adjacent to the implant, and 3: significant swelling.
